Abstract. Pathological angiogenesis is a characteristic feature of glioblastoma multiforme (GBM) where the balance between pro-angiogenic and anti-angiogenic factors are shifted towards the pro-angiogenic phenotype. In this study we sought to determine whether angiostatins are expressed by GBM cells and whether their expression along with other related factors [matrix metalloproteinase (MMP)-2, MMP-9, and collagen type I α1 (COLIA1)] are altered by hypoxia and/or correlated with the levels of cancer stem cell marker CD133. Using qRT-PCR, western blotting, and gelatin zymography, we examined the expression of angiostatins, MMP-2, MMP-9, COLIA1 and CD133 in GBM cell lines cultured under aerobic conditions and hypoxia. Expression levels of MMP-2 and MMP-9 were significantly induced by hypoxia. Angiostatins were detected in all GBM cell lines and were increased by hypoxia while the angiostatin isoform of 38-kDa was the most abundant in GBM cells under aerobic and hypoxic conditions. COLIA1 and CD133 were significantly increased in several GBM cell lines under hypoxia. Despite expression and upregulation of anti-angiogenic factors (e.g. angiostatins) in GBM cells, they are overwhelmed by the overexpression of a larger number of angiogenic factors that shift the angiogenic balance towards the pro-angiogenic phenotype. Thus, an exogenous administration of anti-angiogenic factors may be required to improve the treatment of GBM tumors.
Introduction
In adults, the formation of new blood vessels from pre-existing ones is defined as angiogenesis (e.g. in the female reproductive system and wound healing) (1) . It is a physiologically balanced process, regulated by pro-angiogenic [e.g. matrix metalloproteinases (MMPs), vascular endothelial growth factor (VEGF) and hypoxia inducible factor (HIF)-1α] and anti-angiogenic (e.g. MMPs and angiostatins) factors (2) . Disrupted balance between these factors has been implicated in numerous pathological conditions such as cardiovascular diseases, rheumatoid arthritis, psoriases, diabetic retinopathy and cancer (3) .
In the US, malignant gliomas constitute 80% of malignant tumors in the central nervous system (CNS) where glioblastoma multiforme (GBM) tumors represent more than half of gliomas (4), with 2-year survival rates of ~10 and 25% in patients treated with radiotherapy and radiotherapy plus temozolomide, respectively (5) . Hypoxia-induced necrosis and neovascularization are pathognomonic features of GBM tumors (6) where tumor hypoxia has been shown to induce several genes that encode essential proteins for angiogenesis, cell survival, genetic instability, chemotherapy and radiation resistance (reviewed in ref. 7) . Furthermore, the extreme heterogeneity and infiltrative properties of GBM cells make their treatment nearly impossible even with aggressive multimodality therapeutic approaches (6) .
MMP-2 and MMP-9 are zinc-dependent endopeptidases. They degrade type IV collagen, gelatin and fibronectin in the extracellular matrix (ECM) (8) to allow the expansion of new blood vessels. By contrast, MMP-2 (9) and MMP-9 (10) generate angiostatin isoforms by proteolytic cleavage of plasminogen. Unlike MMP-2, MMP-9 is not constitutively expressed by many cell types and does not cleave type I collagen (11) . However, expression of both MMP-2 and MMP-9 has been reported in both vascular endothelial cells (12) and GBM cells (13) . Type I collagen is the most abundant collagen molecule within the collagen family (14) . It is an ECM component that consists of an α1(I) and α2(I) chain (15) and has been reported to be deposited by glioma cell lines (16) . The procollagen type I α1 (COLIA1) gene has been found to suppress tumor growth and invasion of glioma (17) , and aids potentially in the histopathological grading of human glioma (18) . On the other hand, it is implicated in MMP-2 activation through induction of membrane type 1 MMP (19, 20) .
Although plasminogen, the angiostatin precursor, is synthesized primarily in the liver and is delivered to other tissues, its synthesis has been reported in other tissues (e.g. the cornea) (21) . The vast majority of published data have focused on the local administration of recombinant angiostatin that may inhibit angiogenesis and suppress tumor progression in preclinical studies of GBM tumors (22) . Although there is scarce information on the endogenous expression of angiostatin protein by GBM cells, a microarray database (http://www.ebi.ac.uk/arrayexpress/) showed that human plasminogen (PLG) was overexpressed in 2 experiments (accession no. E-GEOD-23806 and E-GEOD-4290), underexpressed in 1 experiment (accession no. E-GEOD-23806) and non-differentially expressed in 4 experiments (accession no. E-GEOD-23806, E-GEOD-4290, -4412, -7696 and -E-MEXP-567) in human GBM cells.
Since the survival, growth and metastasis of GBM cells depend mainly on the formation of new blood vessels (23) , in this study we examined the levels of MMP-2 and MMP-9, angiostatin, COL1A1 and CD133 expression in GBM cells exposed to physiologically relevant levels of hypoxia. Additionally, we examined the correlation between CD133 and levels of other measured parameters.
Materials and methods
Cell lines and culture conditions. The origin and characterization of the GBM cell lines have been previously published: the M059J (ATCC no. CRL2366) and M010b cell lines are hypoxia-sensitive (24, 25) ; the M059K (ATCC no. CRL-2365) and M006x cell lines are hypoxia-tolerant (26) . The U87R and U87T cell lines are established GBM cell lines (27) and were kindly provided by Dr Donna Senger (University of Calgary). Their relative sensitivity to hypoxia has not been determined. All cells were maintained as monolayer cultures in DMEM/F12 media supplemented with 10% fetal calf serum and 1 mM L-glutamine in a humidified atmosphere of 5% CO 2 in air at 37˚C. All tissue culture supplies were purchased from Gibco.
Generation of hypoxia in vitro.
To examine the effect of hypoxia on the expression of angiostatins, MMP-2 and MMP-9 proteins and COLIA1 and CD133 mRNA, hypoxia was generated using a de-gassing manifold as described by Koch et al (28) . Cells (~2x10 5 ) at the exponential phase were seeded onto 60-mm glass plates and then incubated under standard laboratory culture conditions (5% CO 2 in air) for 4 days. The medium was then replenished, and the plates were transferred to aluminum chambers from which the air was evacuated and then replaced with 5% CO 2 /balanced N 2 until an O 2 tension of 0.6% was achieved. The sealed, air-tight aluminum chambers were then incubated at 37˚C for 48 h. By the end of the incubation time, the aluminum chambers were unsealed, the tissue culture plates removed and then total RNA and cell proteins were isolated.
RNA extraction and reverse transcription. The RNeasy Mini Kit (Qiagen) was used to isolate total RNA from the GBM cultured cell lines. Reverse transcription (RT) was carried out with 0.1-1 µg total RNA/20 µl reaction volume using the QuantiTect reverse transcription kit (Qiagen). .
Quantitative real-time reverse transcription-PCR (qRT-PCR
Gelatin zymography. The activity levels of MMP-2 and MMP-9 in M006x, M059J, M059K, M010b, U87R and U87T cells were determined by gelatin zymographic analysis as previously described (29) . Briefly, cells were washed 4 times with phosphate-buffered saline (PBS), and wholecell lysates were prepared using complete Lysis-M buffer (Roche Diagnostics). Protein content was determined using a protein assay kit (Pierce). Samples were mixed with 6X sample buffer and electrophoresed on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) containing gelatin (2 mg/ml, Sigma cat. no. G-8150). Each sample (20 µg protein) was analyzed in duplicate. Pre-stained protein markers were used. Following electrophoresis, the gels were washed 3 times (20 min each) in 2.5% Triton X-100 to remove SDS and then incubated in Tris-buffer [0.05 M Tris-HCl (Invitrogen) (pH 7.5) containing 0.01 M CaCl 2 , 0.2 M NaCl and 0.05% NaN 3 ] at 37˚C for 20 h. The gels were stained with 0.05% Coomassie Brilliant Blue G-250 (Sigma) in 25% methanol and 10% acetic acid for 2 h with shaking at room temperature, and then destained with 4% methanol and 8% acetic acid for 30 min. Finally, the gels were rinsed in distilled water containing 10% glycerol prior to drying between sheets of cellophane (Sigma). The zymograms were scanned, and the gelatinolytic bands were analyzed using Quantity One 1-D Analysis software (Bio-Rad Laboratories, Hercules, CA, USA). The activity of the gelatinolytic bands of MMP-2 and MMP-9 (present in 20 µg protein) was determined and expressed in arbitrary units.
Western blotting. To detect angiostatin proteins, the M006x, M059J, M059K, M010b, U87R and U87T cells were washed 4 times with PBS. Whole-cell lysates were prepared using complete Lysis-M buffer. The protein content was determined using a protein assay kit. Equal amounts of protein (50 µg) were resolved using 12% SDS-PAGE under reducing conditions and electrotransferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad). All western blot analysis procedures were carried out at room temperature. Membranes were blocked with 5% goat serum for 1 h, and then incubated with mouse anti-human angiostatin monoclonal antibody (2 µg/ml; cat. no. MAB926; R&D Systems, Inc., Minneapolis, MN, USA) for 2 h. Membranes were washed and then incubated with polyclonal goat anti-mouse IgGs (1:2,500; code no. P 0447; DakoCytomation Denmark A/S, Denmark) for 1 h. For the loading control, membranes were stripped by incubation in Tris-HCl buffer (pH 6.7) containing 100 mM 2-mercaptoethanol and 2% SDS at 50˚C for 30 min. Membranes were blocked with 5% goat serum for 1 h and then incubated with mouse anti-human α-tubulin monoclonal antibody (1:5,000; product no. T 6199; Sigma) for 2 h. Membranes were washed and then incubated with goat antimouse IgG (1:2,500) antibodies for 1 h.
Bound proteins were detected using chemiluminescence reagents (SuperSignal West Pico Chemiluminescent Substrate; Thermo Scientific, Rockford, IL, USA) and visualized by exposure to X-ray film (Fuji Photo Film, Japan) that was developed using a Kodak X-OMAT 2000A processor (Eastman Kodak Company, Japan).
Statistics. Data are expressed as means ± standard error from 4 replicate experiments. Statistical analyses were performed using SigmaPlot 12 software (Systat Software Inc., Chicago, IL, USA). Differences between groups were compared using an unpaired t-test or Mann-Whitney rank-sum test based on the normality and equal variance tests.
Results

Enzymatic activity of MMP-2 and MMP-9.
Gelatin zymographic analysis of MMP-2 and MMP-9 in the cell lysates of GBM cells revealed differential expression in the activity levels of pro-and active forms of both MMPs under aerobic and hypoxic conditions (Fig. 1) . Activity levels of pro-MMP-9 were undetectable in all GBM cells under aerobic conditions whereas under hypoxic conditions it was detected in the M006x cells (Fig. 1A) . Active MMP-9 was detected in M006x (Fig. 1A) and M010b (Fig. 1D ) cells under aerobic conditions, and in M006x, M059J, M059K, M010b and U87R cells (Fig. 1A-E) under hypoxic conditions. In the M010b cells, the activity level of active MMP-9 was significantly (P=0.004) higher under hypoxic conditions (Fig. 1D) . No activity of MMP-9 was detected in U87T cells (Fig. 1F) . Under both aerobic and hypoxic conditions, pro-MMP-2 was detected in the U87T cells (Fig. 1F ) and its activity was significantly (P= 0.004) higher under hypoxic conditions, whereas no activity of pro-MMP-2 was detected in the other GBM cells. Under aerobic and hypoxic conditions, activity levels of active MMP-2 were detected in all GBM cells. Compared with aerobic conditions, active MMP-2 was significantly higher in M059J (P≤0.001; Fig. 1B) , M059K (P≤0.001; Fig. 1C ) and U87T (P= 0.01; Fig. 1F ) cells under hypoxia. No significant changes were observed in M006x, M010b and U87R cells. In comparison to aerobic conditions, total MMP-2 and MMP-9 (pro-and active forms) were significantly higher under hypoxic conditions in M006x (P= 0.018), M059J (P≤0.001), M059K (P≤0.001), M010b (P≤0.001), U87R (P≤0.001) and U87T (P≤0.003) cells (Fig. 1A-F) .
Expression of angiostatin proteins in GBM cells.
Western blot analysis revealed three proteolytic isoforms of 38, 43 and 50 kDa that are believed to represent the first three (K1-3), four (K1-4) and five (K1-5) kringle domains of plasminogen, respectively (30) (31) (32) , with abundance of the 38-kDa isoform under both aerobic (46.2±1.8%) and hypoxic (44.5±1%) conditions relative to total angiostatins. Compared with aerobic conditions, hypoxia treatment significantly increased angiostatin of 50-kDa in the M059K cells (P=0.005; Fig. 2C ), 43-kDa in the M059J (P=0.04; Fig. 2B ) and M010b (P=0.003; Fig. 2D ) cells, 38-kDa in the M010b (P≤0.001; Fig. 2D ) cells, and total angiostatins (55-, 43-and 38-kDa) in the M059K (P=0.02; Fig. 2C ) and M010b (P=0.007; Fig. 2D ) cells.
Expression of COLIA1 and CD133 mRNA in GBM cells.
In agreement with others (18), COLIA1 mRNA was detected in all GBM cells under aerobic conditions. Hypoxia significantly increased COLIA1 expression in M059J (P= 0.002), M059K (P= 0.002), M010b (P= 0.025), U87R (P= 0.029) and U87T (P≤0.001) cells (Fig. 3) .
Consistent with previous reports (33, 34) , CD133 mRNA was detected in all GBM cells under aerobic conditions. Hypoxic conditions significantly increased the CD133 mRNA in M059J (P= 0.007), U87R (P≤0.001) and U87T (P= 0.001) cells (Fig. 4) .
Notably, activity levels of MMP-2, MMP-9 or total MMP-2 and -9, angiostatins and COLIA1 were not correlated with the GBM cell characteristics of sensitivity (M059J and M010b) or tolerance (M006x and M059K) to hypoxia (24, 25) . In addition, none of the aforementioned parameters were correlated with CD133.
Discussion
Pathological angiogenesis is a characteristic feature of GBM tumors as newly formed blood vessels are crucial to their growth and metastasis (35) . To acquire and maintain neovascularization, the angiogenic balance should be altered and shifted towards a pro-angiogenic phenotype that was found to be intensified by the hypoxic nature of GBM tumors. The pro-angiogenic phenotype is associated with malignant transformation and is initialized by VEGF induction by transcription factors HIF-1 (36) and others such as ETS-1 (37) and STAT-3 (38) . Consequently, the vascular permeability increases followed by migration and proliferation of endothelial cells that requires deposition of the degraded pro-angiogenic matrix for newly formed vessels (23) .
Accumulating evidence has shown that increased expression of either MMP-2, MMP-9 or both in GBM cells enhances their invasiveness and angiogenesis (13, 39) , and this may be augmented by hypoxia (40) . Consistently, here, we report deferential expression of gelatinases in GBM cells with significant expression of MMP-2 and both under aerobic conditions and hypoxia, respectively. In agreement with another study (41) , under hypoxia MMP-2 and MMP-9 were predominantly expressed in active forms. However, the absence of detectable expression of pro-, active, or both MMP-9 forms in some GBM cells under aerobic or hypoxic conditions could be explained by lower sensitivity of gelatin zymography or heterogeneity of GBM cells (42) .
Angiostatins, the proteolytic fractions of plasminogen that are present in the blood of cancer patients and animals bearing tumors disappear after surgical tumor removal (43) . On the other hand, MMP-2 and MMP-9 are among the proteolytic enzymes expressed by cancer cells and are implicated in angiostatin generation from the circulating plasminogen (9, 10) by proteolytic cleavage at specific sites that are different for other proteolytic enzymes (30) . However, no evidence supports the direct expression of angiostatins by cancer cells themselves (9) . In the present study, we are the first to report expression and hypoxic upregulation of angiostatins in different GBM cell lines with abundance of the angiostatin (K1-3; 38-kDa) isoform under both aerobic and hypoxic conditions, despite controversial reported differences in the anti-angiogenic potencies of angiostatin isoforms using recombinant angiostatin (30, 44, 45) . No significant differences in the percentages of detected angiostatin isoforms in the different , (E) U87R and (F) U87T cells. Angiostatin isoforms and α-tubulin (loading control) were determined by western blot analyses in GBM cells under aerobic conditions (blank column) and hypoxia (0.6% O 2 , black column) for 48 h. Integrated intensities of angiostatin bands and α-tubulin were quantified and expressed in arbitrary units. Normalized angiostatin levels are expressed as means ± SE (n=4). P-value of significance was determined using unpaired t-test or Mann-Whitney rank-sum test. GBM, glioblastoma multiforme.
inhibit endothelial cell proliferation, migration, tube formation, and to induce apoptosis (reviewed in ref. 46) , as well as inhibition of migration of cancer cells (22) that was noted earlier by unexplained observation of rapid growth of distant metastases following removal of the primary tumor (43) .
In the present study, hypoxic upregulation of COLIA1 in most studied GBM cell lines may implicate COLIA1 as a mediator of angiogenesis. This has been supported by inhibition of collagen type-I and MMP synthesis by local silicone implants coated with halofuginone, an angiogenesis inhibitor (19) , as well as induction of membrane type-1 MMP by COLIA1 that subsequently mediates the activation of pro-MMP-2 (19, 20) . This contradicts others who reported that COLIA1 is inversely correlated with the histopathological grade of glioma (18) and overexpression of COLIA1 in T98G glioma cells suppresses cell proliferation and invasiveness and arrests tumor formation in vivo (17) .
Controversial correlations were reported between the levels of angiostatins and histopathological grades in different tumors (47, 48) , while MMP-2, MMP-9 (49,50) and COLIA1 (18) were found to be correlated positively and negatively with the degree of malignancy of gliomas, respectively. In the present study upregulation of these parameters was noted in different GBM cells (grade IV gliomas), under 0.6% O 2 which simulated a moderate hypoxia in the GBM tumors (51) . Additionally, we showed hypoxic upregulation of CD133 that has been reported to increase in GBM cells under hypoxia (34) and correlates positively with pathological grades of astrocytomas (33) . However, lack of significant correlations between CD133 levels and other parameters (MMP-2, MMP-9, angiostatin isoform, and COLIA1) may indirectly imply that hypoxic upregulation of these parameters is not stem cell-specific but is a common property of all cells in different GBM cell lines.
In conclusion, hypoxia has been strongly implicated in tumor development, growth and angiogenesis (7) where hypoxia-induced necrosis and neovascularization are fundamental features for the pathological diagnosis of GBM tumors (6) . The relative small number of reported anti-angiogenic factors compared with a larger number of pro-angiogenic ones, and dependence of tumor growth and metastasis on neovascularization has made anti-angiogenic strategies for cancer treatment an essential and a necessary concomitant strategy with surgical treatment. This is to substitute angiostatins expressed by tumor cells and/or angiostatins generated from circulating plasminogen by proteolytic enzymes (e.g. MMPs) secreted by tumor cells. Figure 4 . Effect of hypoxia on CD133 mRNA expression in GBM cell lines: M006x, M059J, M059K, M010b, U87R and U87T. CD133 mRNA expression was assessed by qRT-PCR under aerobic conditions and hypoxia exposure (0.6% O 2 ) for 48 h. Data are expressed as means ± SE (n=4). P-value of significance was determined using unpaired t-test or Mann-Whitney rank-sum test. GBM, glioblastoma multiforme. Figure 3 . Effect of hypoxia on COLIA1 mRNA expression in GBM cell lines: M006x, M059J, M059K, M010b, U87R and U87T. COLIA1 mRNA expression was assessed by qRT-PCR in GBM cells under aerobic conditions and hypoxia exposure (0.6% O 2 ) for 48 h. Data are expressed as means ± SE (n=4). P-value of significance was determined using unpaired t-test or Mann-Whitney rank-sum test. COLIA1, collagen type I α1; GBM, glioblastoma multiforme.
